The phenomenology of optically pumped 13 C NMR in diamond at 7.05 T: Room temperature polarization, orientation dependence, and the effect of defect concentration on polarization dynamics 
Introduction
The negatively charged nitrogen vacancy (NVÀ) defect in diamond has been the subject of much research [1] . A magnetically resonant triplet ground state [2] [3] [4] [5] with a long coherence lifetime [6] [7] [8] , optical spin state initialization and readout [9] [10] [11] [12] [13] , as well as the ability to manipulate spin states of proximal nuclei via level anti-crossings or microwave control [14] [15] [16] , have made NVÀ a fixture in the areas of quantum information [13, [15] [16] [17] [18] , magnetic field sensing [19] [20] [21] [22] , and nuclear spin control [23] [24] [25] . NVÀ also provides the opportunity to investigate a different type of solid state optically pumped NMR (OPNMR).
In the context of solid state NMR, optical pumping refers to the spontaneous dynamic polarization of nuclei from a reservoir of optically polarized electron spins [26, 27] . There have been substantive investigations of solid state OPNMR in semiconductors starting with Georges Lampel's original experiment with phosphorous-doped silicon [28] . Optically illuminating a zincblende semiconductor at cryogenic temperatures with circularly polarized laser light tuned to the material's band gap can yield highly athermal nuclear polarizations. The transfer of photonic angular momentum from the optical illumination results in a highly spin polarized collection of photoexcited electrons [26] [27] [28] [29] [30] [31] [32] [33] . Subsequent hyperfine driven electron-nuclear flip-flop transitions provide a possible electronic spin lattice relaxation pathway allowing for athermal nuclear polarization.
The NVÀ defect in diamond provides an opportunity to explore optical pumping processes that do not rely on photonic angular momentum. The optically driven preferential population of the NVÀ m s = 0 sublevel arises out of a fortuitous combination of intersystem crossing rates and selection rules [9] [10] [11] . Many studies have taken advantage of the mixing of electronic and nuclear states at the 50 mT NVÀ excited state level anti-crossing to perform room temperature 14 N, 15 N, and 13 C optical pumping [14, [23] [24] [25] 34] . However, comparatively little attention has been devoted to OPNMR with NVÀ at high field [35] . We present herein a systematic investigation of the 13 C polarization at 7.05 T that derives from a series of diamond samples imbibed with varying amounts of NVÀ defects. The phenomenology presented herein are consistent with cross-relaxation from optically polarized electrons yet reveal some surprising subtleties.
Previously, 13 C optical pumping in diamond was reported in a 9.4 T field at cryogenic temperatures, yielding negative bulk 13 C polarizations of up to 5% [35] . It was surmised that nuclear spin transitions were driven by the exchange of energy between NVÀ dipolar and nuclear Zeeman reservoirs, with spin diffusion transporting polarization from nuclei near defect sites to the bulk crystal. The results reported herein show that this model is incomplete. Here we study diamonds with varying concentrations of NVÀ and P1 defects and thereby assess the relationship between defect concentrations and nuclear polarization dynamics. We show that at room temperature we can prepare optically pumped NVÀ mediated 13 C polarization at 7.05 T. We find that the NVÀ mediated 13 C polarization changes sign and magnitude as a function of crystal orientation relative to the external magnetic field and the electric field vector of the optical illumination. These results proscribe the tools necessary to develop a quantitative model for this OPNMR process.
Methods

Diamond samples
Commercially available high-pressure high-temperature (HPHT) type Ib diamond plates with a quoted substitutional nitrogen content in the range of 5 -200 ppm were purchased from Element 6 and Sumitomo. The samples were sent to Prism Gem LLC for 1 MeV of electron irradiation and were subsequently annealed at 800°C. Sample #1 was annealed for 1 h and samples #2-#8 were annealed for 2 h. Sample characteristics are summarized in Table 1 and pictures of the samples post-irradiation and annealing are shown in Fig. 1. 
Equipment
NMR experiments were conducted using a homebuilt nonresonant transmission line probe [36] and goniometer, an Oxford 7.05 T magnet, a single channel Tecmag LapNMR spectrometer, and an ENI LPI-10 RF amplifier. Details of the goniometer are included in Appendix A. Sample temperature was maintained with an Oxford Spectrostat NMR helium cryostat and a two channel Lakeshore 332S temperature controller capable of simultaneously monitoring the cryostat's built-in temperature sensor as well as a sensor attached to the probe (both sensors are Lakeshore CX-1050-CU-HT). Spectrosil B windows allow optical access through the bottom of the cryostat. The 532 nm output of a commercial (Viasho 3.7 W) frequency doubled Nd:YAG laser was used for optical illumination (5 mm circular beam diameter).
2.3.
C polarization rise and decay experiments
The time constants characterizing the rise of 13 C polarization under optical illumination (T rise ) and the decay back to thermal polarization after illumination ceases (T decay ) were measured using the pulse sequences shown in Fig. 2 . In both cases, thermal 13 C polarization was first eliminated by saturating the nuclear transitions with a series of fifty 90°pulses separated by 10 ms of dephasing time. For the case of T rise , the sample was then subjected to a varying period of optical illumination (s Light ) followed by a 90°p ulse and acquisition. For T decay experiments, the sample was subjected to a fixed s Light followed by a variable period of dark time (s Dark ) before acquiring the NMR spectrum. The dark time was controlled by means of a TTL signal from the spectrometer to either a mechanical shutter or directly to the laser power supply. A 90°p ulse width of 17 ls with an RF power of 550 W was used in all experiments. The integrated intensity of the resulting single crystal The origin of discoloration within samples is unknown, but was present before electron irradiation. 13 C NMR spectrum was converted to a percent polarization by comparison with the integrated spectrum of a thermally polarized monocrystalline diamond powder (Microdiamant MSY 0-0.1) standard containing a known number of 13 C spins. The diamond powder spectra were recorded with the same pulse sequence and spectrometer settings used in recording the OPNMR spectra. The resulting plots of percent 13 C polarization vs. s Light and of percent 13 C polarization vs. s Dark were fit to single exponentials to extract T rise and T decay .
To investigate how defect content influences the 13 C polarization dynamics, the T rise and T decay of each sample were measured at 20 K using 50.9 mW/mm 2 of circularly polarized 532 nm laser light. As discussed later and shown in Fig. 7 , T decay is independent of the initial 
Influence of orientation on 13 C polarization
The orientation experiments presented in this work were conducted with sample #2 at 20 K using 50.9 mW/mm 2 of 532 nm laser intensity with a 25 min s Light . The orientation of the sample was set by adjusting the rotation angle u of the sample about its out-of-plane crystal axis with respect to the sample holder followed by a rotation about the sample holder axis by a tilt angle h (Fig. 3a) . For samples with a {1 0 0} out-of-plane orientation, u = 0°is defined such that the tilt angle h will be about one of the crystal's in-plane h1 0 0i axes. For u = 45°, h is about one of the in-plane h1 1 0i axes (Fig. 3b) . For a given set of experiments, the sample is mounted to the sample holder at a fixed u using GE varnish and spectra are acquired for a set of h values adjusted ex-situ using a rotary feedthrough (Appendix A). The quadrupole splitting of the 27 Al NMR signal from the sapphire sample holder was used to determine h. Because the electric field vector of the laser light must be orthogonal to the NVÀ defect axis in order to be absorbed [37] , circularly polarized laser light was used in all orientation experiments. This ensured that sequential experiments at the same sample orientation with respect to the 7.05 T magnetic field did not also have to be oriented relative to a laser polarization axis.
Electron paramagnetic resonance
EPR experiments were performed at room temperature with a modified Active Spectrum extended range benchtop EPR system operating at 9.7 GHz with an average Q of $1300. Optical access to the sample was added perpendicular to the magnetic field direction by mounting a 45-degree mirror underneath a hole in the bottom of the microwave cavity. Samples were varnished to the end of fiberglass rods and subsequently positioned in the cavity.
NVÀ spin counting spectra were recorded with a fixed sweep range of 270.5-422.5 mT, 100 data points per mT, a sweep rate of 0.1 mT/s, and a modulation frequency of 43 kHz with an amplitude of 0.2 mT. Low signal-to-noise made it necessary to signal average for 40 scans. P1 spin counting spectra were recorded with a fixed sweep range of 302.5-392 mT, a sweep rate of 0.1 mT/s, and a modulation frequency of 43 kHz with an amplitude of 0.1 mT. P1 spectra were signal averaged for 5 scans. To avoid saturating the EPR transitions, power saturation tests were performed on each sample. A microwave (MW) power of 0.00079 mW was subsequently selected and used for all spin counting experiments. To avoid baseline problems and for more accurate results [38] double integration was carried out on line fits of the derivative spectra. The best fits were achieved using the first derivative of a Tsallian [39] lineshape. Defect concentrations were determined by comparison with a solid cupric sulfate pentahydrate intensity standard [40] .
NVÀ EPR linewidths of the optically polarized 1; 0i ! 1; þ1i j j transition of defects oriented parallel to B 0 were measured over a range of modulation amplitudes. Single shot spectra were recorded during continuous illumination with 25.5 mW/mm 2 of linearly polarized 532 nm laser light using an incident microwave power The spectra recorded with the modulation amplitude of 0.006 mT were fit to a sum of three first derivative Tsallian lineshapes. The three values of the half-width at half-height (C) extracted from the fits were used to calculate the average linewidths reported in Table 1 . Representative EPR spectra for all samples are shown in Supplemental material.
Results & discussion
3.1. 13 C polarization rise and decay experiments The 13 C polarization was found to increase exponentially with s Light , consistent with earlier results [35] . The 13 C polarization dependence on laser intensity was also consistent with earlier results [35] . These polarization rise experiments were performed at 20 K on all samples and the data fit to extract characteristic time constants (T rise , Table 1 ). Fig. 4a shows these values plotted as a function of NVÀ concentration, as determined by EPR spin counting experiments. In the originally proposed mechanism for highfield NVÀ mediated 13 C polarization, dipolar coupled pairs of NVÀ defects drive local 13 C polarization, which then spin diffuses to the bulk [35] We determined the time constants associated with the return of the 13 C polarization to thermal equilibrium after turning off the laser and found them to behave exponentially. The values of T decay are listed in Table 1 . Because the 13 C NMR signal intensity in the absence of optical pumping is negligible, we could not ascertain whether or not T decay is the same as the 13 C T 1 . Because the T decay values are both independent of initial 13 C polarization (Fig. 7 ) and have magnitudes comparable to T 1 values given in the literature [41] , we surmise that fluctuating magnetic fields associated with all unpaired electron spins would contribute to the return of the 13 C polarization to thermal equilibrium. We therefore plotted T decay as a function of the sum of NVÀ and P1 defect concentrations (Fig. 4b) . The shortening of T decay values with increasing defect concentrations is consistent with our assumption that all paramagnetic defects contribute to T decay (plots as a function of the concentration of various defects are given in Supplemental material).
In both T rise and T decay experiments there are substantive differences between the time constants for samples #1 and #2 (from Element 6) and samples #3-#8 (from Sumitomo). Because these differences correlate to differences in color and apparent inhomogeneity (Fig. 1) , these effects need to be further explored using a larger sample pool with better-controlled defect concentrations. Fig. 4a and b also show plots isolating the data of Sumitomo manufactured diamonds, but there are still differences in sample homogeneities within this set (Fig. 1) . These effects highlight the importance of overcoming the current materials science challenges in preparing HPHT diamonds in which all sample variables are well controlled. 36 min using sample #2 (Fig. 5d) . For comparison, an 85 scan thermal equilibrium spectrum at 80 K (corresponding to a 13 C polarization of 0.00226%) is plotted in Fig. 5d as well. As discussed later, sample orientation with respect to the magnetic field and laser propagation axis was found to influence 13 C polarization magnitude. We therefore surmise that greater room temperature polarizations may be attainable. This is also the reason for the discrepancy in maximum polarization between the polarization rise experiment shown in Fig. 5b and the maximum polarization shown in Fig. 5d , which was obtained after re-mounting the sample. The 13 C polarization in sample #2 persisted with a T decay of 26.8 ± 2.9 min (Fig. 5c ). All room temperature experiments were performed with the large {1 0 0} face of the samples oriented normal to the applied magnetic field axis.
Influence of orientation on 13 C polarization
The percent 13 C polarization was measured in sample #2 at 20 K under 50.9 mW/mm 2 of circularly polarized 532 nm laser illumination with the crystal mounted at different orientations relative to the parallel applied magnetic field and laser propagation axis. Fig. 6a shows data obtained at four different fixed u angles and varying h angles in 0.5°increments. Fig. 6b shows the raw 13 C NMR spectra for a subset of the 13 C polarization data shown in Fig. 6a . This figure demonstrates that small changes in crystal orientation can drastically affect both the magnitude and sign of the 13 C polarization. However, as seen in the u = 25°data set, there are also large sets of sample orientations that result in little or no 13 C polarization. These results represent new phenomena for NVÀ mediated 13 C polarization at high field. Only negative 13 C polarizations were observed in the original high field study [35] .
For each crystal orientation there are four equally probable defect orientations. If each individual NVÀ defect can be dipolar coupled to contribute to the resulting 13 C polarization [35] , then the bulk 13 C magnetization is governed by spin diffusion from sixteen pairwise combinations of dipolar-coupled defects with differing electron spin polarizations [42] owing to each defect's differing orientation relative to the applied magnetic field and incoming electric field vector of the optical illumination. Because we know the lattice bond angles relative to the faces and edges of each sample, the relative absorption and polarization of each NVÀ defect can be calculated for each sample orientation through absorption rules [37] and field alignment effects [42] . However, neither of these orientation dependences account for the extreme sensitivity of the bulk 13 C polarization to sample orientation seen in Fig. 6 . Further experiments are required in which the applied magnetic field and laser propagation axes are decoupled.
As a result of the orientation effects seen in Fig. 6 , the absolute maximum 13 C polarization cannot be determined with certainty. The polarization rise and decay time constants T rise and T decay however, were found to be independent of sample orientation. As an example, Fig. 7a shows the 13 C polarization rise curves, exponential fits, and resulting T rise values for sample #3 at two separate crystal orientations relative to the parallel applied magnetic field and laser propagation axis. Fig. 7b shows the same information for a 13 C polarization decay experiment with sample #3 at two different crystal orientations from those in Fig. 7a . The maximum 13 C polarization observed thus far at 20 K in samples #1 and #2 is 2.5% and 2.2%, and the maximum observed in samples #3-#8 is $1%. Because the magnitude of the 13 C polarization is so sensitive to the orientation of the crystal these values may not necessarily be the ultimate 13 C polarizations. The values of T rise are nonetheless independent of the ultimate polarization and the values of T decay are independent of the initial polarization. This is consistent with a picture in which the time constants for polarization rise and decay only depend on nuclear spin diffusion and the concentration of polarization sources and sinks.
Constraints on the polarization mechanism
The mechanism behind this high-field OPNMR process is not yet quantitatively understood, though qualitatively formulated as a result of an exchange of energy between the NVÀ dipolar and nuclear Zeeman energy reservoirs. A quantitative model [35] was given in terms of a three spin process wherein a 10 MHz dipolar coupling between NVÀ defect pairs provides for an energy exchange between an NVÀ pair and a nuclear spin, yielding a spin-temperature equilibration during the optical pumping process. While this model accounts for the previously observed negative 13 C polarization and polarization dynamics, it does not account for both positive and negative 13 C polarizations that depend on the orientation of the crystal. Furthermore, the model was based on the assumption that the apparent peak-to-peak NVÀ EPR linewidth (DB pp ) of approximately 0.2 mT (which corresponds to a full-width at half-height (2C) of $10 MHz) reported in [43] was an accurate measure of the NVÀ dipolar coupling. As summarized in Table 1 and demonstrated in Fig. 8 , the actual NVÀ linewidth is much narrower. The reported 0.2 mT DB pp is not due to dipolar coupling, but is instead a result of the gross overmodulation of B 0 . The relatively small number of NVÀ defects in any given sample in conjunction with the low MW power levels needed to avoid saturating the NVÀ transitions makes such overmodulation necessary in order to detect a thermal equilibrium signal. The large signal enhancement resulting from optically polarizing the NVÀ defects makes it possible to record a lineshape in a single shot even after reducing the modulation amplitude (B mod ) nearly two orders of magnitude. Fig. 8a shows the optically polarized EPR spectra from sample #1 recorded using B mod values from 0.2 to 0.012 mT in which the observed DB pp decreases from 0.27 mT to 0.026 mT. As seen in Fig. 8 , the NVÀ lineshape can be resolved into three 14 N hyperfine lines. Similar plots for the remaining samples are included in Supplemental material. The actual NVÀ linewidths are likely narrower than the values listed in Table 1 as these are broadened by convolution with 13 C hyperfine transitions.
Conclusion
We have presented a phenomenological study of high-field OPNMR of 13 C through optically polarized NVÀ defects in diamond. The polarization rise and fall kinetics indicate that higher NVÀ concentrations shorten T rise . The methodology for varying defect concentration (electron irradiations and subsequent high temperature annealing) results in a lack of independent control of P1 and NV defect concentrations. Thus samples with more NVÀ defects also have more P1 defects; the latter of which contribute to nuclear relaxation [41] such that rapidly rising 13 C polarization comes at the expense a lower polarization magnitude and faster decay. On the other hand, lower NVÀ concentrations give rise to a longer T rise with larger 13 C polarizations and longer lifetimes. The defect concentrations in samples #1 and #2 allow for room temperature 13 C polarizations up to 200 times that of the thermal equilibrium value. These results suggest that it may be possible to tailor the defect content to optimize polarization kinetics to a desired regime.
The results of the orientation experiments hinder simple attempts to model the 13 C polarization process as a coupling between NV dipolar and nuclear Zeeman reservoirs. Because of the symmetry of the tetrahedral diamond lattice, a pairwise calculation of NVÀ dipolar interactions, for example, results in sixteen different inter-electron vectors whose orientations relative to the applied magnetic field and the electric field vector of the laser light must be taken into account to begin a quantitative model. Such an effort should, in the view of the present authors, be preceded by experimental data that vary independently the two orientation effects. Nevertheless, the ease of generating large 13 C polarizations at high field by merely using a green laser beam portends more detailed studies as well as investigation of polarization transfer to targets within or near the diamond crystal.
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